To evaluate the effect of anesthesia induced mild systemic hypothermia on hepatic injury in lean and obese rats during warm ischemia. Summary Background Data: Hepatic warm ischemia during surgery remains a significant problem, particularly in organs with presumed baseline dysfunction. Methods: The left and median lobes of male lean and obese Zucker rats were exposed to 75 minutes of ischemia under either mild hypothermic or normothermic conditions. After 75 minutes of ischemia, the organs were reperfused and animals were observed for 24 hours. Surviving animals were killed and blood and tissue was harvested to determine liver enzymes and examine the histology. Results: Mild hypothermia significantly decreased hepatocellular injury in both lean and obese rats. Biochemical markers of hepatic injury were significantly reduced in hypothermic groups (P Ͻ 0.01). Survival in normo-and hypothermic lean groups were not different at 24 hours of reperfusion. However, hypothermia profoundly increased survival in obese rats when compared with normothermic obese rats (100% versus 20%, P Ͻ 0.01). Necrosis was more pronounced in both normothermic lean and obese animals who experienced more than Ͼ75% necrosis when compared with hypothermic animals. In contrast, mild hypothermia reduced necrosis in lean rats to less than 25% and in obese rats to less than 50%. Conclusions: We demonstrated in a clinically relevant model that mild hypothermia significantly reduces hepatic injury in a warm ischemia model in lean and obese rats and significantly improved 24-hour survival in obese rats. (Ann Surg 2005;241: 470 -476) From the
H epatic resection frequently requires partial or complete hepatic inflow occlusion for control of bleeding. The severity of hepatic ischemia reperfusion injury after unclamping hepatic vessels is a direct function of the length of time of occlusion and underlying baseline function of the liver. Hepatic surgery for metastasis without underlying liver disease is generally well tolerated, even with extensive resections. Although underlying cirrhosis is a well-documented risk factor for perioperative complications and possible poor postoperative liver function, little is known about whether the livers of elderly or obese patients impose an elevated risk for these patients.
Ischemia to the liver or other organs is primarily defined as loss of mitochondrial adenosine triphosphate (ATP) production. Subsequently, cell swelling, membrane breakdown, oxidative stress, disruption of microcirculation, and inflammation are several mechanisms which cause further injury to the liver. 1 Livers with steatotic changes are known to be more susceptible to ischemia reperfusion injury. Several different mechanisms have been proposed to explain this, including mitochondrial dysfunction, predominantly necrotic cell death (as opposed to apoptotic cell death), increased lipid peroxidation, and increased endothelial cell susceptibility. Recently it was demonstrated that the mechanism of injury pattern after hepatic warm ischemia appears to be different in steatotic livers when compared with lean livers. 2 Obese Zucker rats are frequently used as a model for nutritionally induced obesity and the effect of ischemia reperfusion injury. Obese Zucker rats lack cerebral leptin receptors, which results in increased food intake, insulin resistance, and decreased energy expenditure. [3] [4] [5] [6] Several strategies such as ischemic preconditioning have been investigated that may protect the liver during warm ischemia reperfusion injury. 7, 8 Hypothermia has also been shown to provide some protection against hepatic injury in several animal models and human studies. Methods of cooling have included total body cooling, hypothermic perfusion, extracorporeal cooling, and topical cooling. However, the temperatures found to protect the liver are often clinically unacceptable or require in situ manipulation with selective perfusion. Active total body cooling has never been accepted as a protective measure during hepatic surgery because of the logistic complexity. 9 Side effects of hypothermia such as cardiac arrhythmia, coagulopathy, and increased rate of wound infection have also been of concern. 10 Using a well-established warm ischemia reperfusion model in lean rats and anesthesia-induced hypothermia, it was our goal to investigate the effect of clinically relevant mild hypothermia on (i) hepatic injury and survival in obese rats; and (ii) to compare the results with lean rats.
MATERIALS AND METHODS

Animal Model
All animal experiments were carried out at the University of California at San Francisco (UCSF), with approval by the UCSF Committee on Animal Research. Animal care was in agreement with the National Institutes of Health guidelines for ethical research (NIH publication No. 80 -123, revised 1985) . Inbred male obese and lean Zucker rats (Harlan Sprague-Dawley, Indianapolis, IN) were used for this study. All animals' weights on arrival at our facility were approximately 250 g. Animals had access to standard laboratory diet and were maintained on a light-dark cycle. Lean and obese rats were housed together and daily weights obtained until surgery, which was usually 30 days after arrival at our facility. Animals were anesthetized with isoflurane, and the liver was exposed through a midline incision. Normothermic obese and lean rats were actively warmed with heat pads and heat lamps to maintain a body temperature of greater than 37°C, as determined by continuous rectal temperature monitoring. In the mild-hypothermia group, both the obese and lean rats were exposed to ambient room temperature. Animals were allowed to cool spontaneously. When temperatures fell significantly below 34°C, animals were actively warmed. This temperature is clinically acceptable and frequently deliberately used during neurosurgical procedures. 11, 12 Approximately 15 minutes passed between the induction of anesthesia and the onset of ischemia. We selected a 70% liver ischemia model since this is a well-established model with reproducible results. In detail, vascular structures to the left and median lobe were identified and clamped for 75 minutes using a bulldog clamp. The unoccluded right and caudate lobe allowed outflow from the splanchnic circulation, avoiding venous congestion. To confirm the appropriate placement of the clamps, the left and median lobes were inspected for signs of ischemia. During ischemia, the abdomen was lightly packed with moist sponges, and the incision was approximated with clamps. After 75 minutes of warm ischemia, the clamps were removed to allow reperfusion. Animals received approximately 5 mL of normal saline intraperitoneally before closure of the incision.
Animal Recovery After Surgery and Survival
Rat recovery was closely monitored. Animal behavior and appearance were assessed every hour for 6 hours and then at 22 and 24 hours after surgery. Signs of poor clinical condition were lethargy, ruffled fur, and guarding upon abdominal palpation, lack of grooming, and decreased food intake. Animals which appeared to do poorly were killed before the 24-hour reperfusion end point. Upon sacrifice, all animals underwent necropsy. Animals with intra-abdominal pathology such as hemorrhage were excluded from the study.
Marker of Hepatocellular Injury
Serum levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were determined (IDDEX Veterinary Services, Sacramento, CA) in lean and obese rats surviving 24 hours of reperfusion. Particularly, AST has been shown to be reliable marker of hepatocellular injury.
Creatine Kinase Release
Creatine kinase was measured at 24 hours of reperfusion (IDDEX Veterinary Services).
Determination of Necrosis and Apoptosis
Ischemic lobes were excised immediately after animals were killed. Tissues were fixed in 10% formalin and then embedded in paraffin for light microscopy. Sections were cut at 5 m and stained with hematoxylin and eosin for histologic examination. Analysis was performed on 4 randomly selected specimens in each group (except for normothermic obese group with n ϭ 3) by one of the investigators (L.F.), who was blinded to the experimental condition of the animals. Light microscopic examination was performed under standard conditions at 4ϫ, 10ϫ, and 40ϫ magnification. Histologic criteria for assessment of hepatic necrosis after ischemia reperfusion were as follows: less than 5%, 5% to 25%, 25% to 50%, 50% to 75%, and greater than 75% necrosis.
Detection of apoptotic cells was performed using a TUNEL assay with a commercial kit (In Situ Cell Death Detection Kit, POD, Roche Applied Sciences). The TUNEL reaction preferentially labels DNA strand breaks generated during apoptosis. This allows for the discrimination of apoptosis from necrosis. However, extensive DNA fragmentation may occur in the late stages of necrosis. So we did not count staining in well-defined necrotic areas as noted on H&E stain but only counted cells at the edge of the necrotic zones which Annals of Surgery • Volume 241, Number 3, March 2005 Hypothermia Protects Rat Livers were thought to represent early apoptotic change. Apoptotic cell count was performed at 40ϫ magnification in 10 successive fields per slide in areas adjacent to established necrosis and central veins.
Statistical Analysis
All data are present as mean Ϯ SD. As a baseline control, we chose normothermic lean rats. The weights and ages of animals were compared by using the unpaired t test. One-way ANOVA with post-test Dunnett multiple comparison was used to compare groups at 24 hours of reperfusion with controls. Survival was determined by Fisher exact test. P values Ͻ 0.05 was considered as statistically significant.
RESULTS
There was no difference in age between lean and obese rats (P Ͼ 0.05, Table 1 ). However, the weight of obese animals was with 496.2 Ϯ 52.30 g, significantly higher than in the control, with 302.45 Ϯ 22.74 g; Table 1 (P Ͻ 0.0001). Obese rats gained approximately 50 g per week as opposed to approximately 8 g per week gained by lean rats. Figure 1 demonstrates pooled temperature curves in the normo-and hypothermic groups. At the onset of ischemia, only lean rats in the hypothermic group experienced significantly lower temperatures when compared with lean normothermic animals (P Ͻ 0.01). At the end of warm ischemia, both lean and obese rats were significantly cooler than normothermic controls animals (P Ͻ 0.01).
Temperature Control
Hepatocellular Injury
Normothermic obese rats experienced the highest AST levels after 24 hours reperfusion, with 31,351 Ϯ 2443 U/L (n ϭ 3) when compared with control normothermic lean rats with AST levels of 14833 Ϯ 3645 U/L (n ϭ 9) (P Ͻ 0.01, Fig. 2 ). Mild hypothermia reduced significantly AST levels in lean (1699 Ϯ 1330 U/L) and obese rats (3326 Ϯ 1025) (n ϭ 10 each) when compared with controls (both P Ͻ 0.01). The pattern of ALT levels followed the distribution of AST levels. ALT levels were significantly higher in normothermic obese rats (17,553 Ϯ 4939 IU/L) and significantly lower in both hypothermic lean and obese rats (923 Ϯ 756 and 2572 Ϯ 817 IU/L) when compared with controls (6493 Ϯ 1589, all P Ͻ 0.01, Fig. 2 ).
Creatine Kinase Release
Creatine kinase release was significantly higher in normothermic obese rats (30,498 Ϯ 11,143 IU/L, n ϭ 3) when compared with controls (777 Ϯ 629 UI/L, n ϭ 9, P Ͻ 0.01, Fig. 2) . In contrast, creatine kinase release was not different in either hypothermic obese or lean rats (239 Ϯ 198, and 307 Ϯ 305 IU/L, respectively, n ϭ 10 each) when compared with controls (P Ͼ 0.05, Fig. 2 ).
Necrosis and Apoptosis
Liver necrosis after 24 hours of reperfusion was greater than 75% in both obese and lean rats when kept normothermic (Fig. 3a, c) . This necrosis was panacinar, but small foci of pericentral, as well as very rare portal, areas were spared. In addition, a zone of subcapsular liver remained viable. In contrast, both obese and lean rats maintained under mildly hypothermic conditions experienced liver necrosis 25% to 50% and less than 5%, respectively (Fig. 3b, d) . The necrosis was variable in relationship to zonal location.
The massive necrosis in the normothermic groups did not allow accurate determination of apoptotic cells. In the hypothermic group, the numbers of TUNEL-positive apoptotic cell nuclei in areas adjacent to necrosis and around central veins were not different between lean and obese rats.
Animal Recovery After Surgery and Survival
There was no statistical difference in survival in the lean groups. After 24 hours of reperfusion, all animals survived in the hypothermic lean group, while 1 animal died in the normothermic lean group (P Ͼ 0.05). All lean rats in the hypothermic group were in good clinical condition, while 5 lean rats in the normothermic groups were judged to be in poor clinical condition, with 1 requiring sacrifice. All obese rats in the hypothermic group survived the 24 hours of the study period and were in good clinical condition (Fig. 4) . In sharp contrast, in the normothermic obese group, only 2 animals survived 24 hours, and 1 animal was killed at 22.5 hours because of extremely poor condition ( Fig. 4 ) (P Ͻ 0.01, when compared with obese hypothermic group). This animal was included in the final analysis with respect to determination of hepatocellular injury.
DISCUSSION
Mild intraoperative hypothermia (defined as core temperatures between 34°C and 36°C) is commonly encountered intraoperatively. Patients undergoing anesthesia always experience impaired thermoregulation. Decreased vasoconstriction with redistribution of body heat from the core to the periphery is responsible for a temperature drop of as much as 1.5°C during the first hour of anesthesia, often despite active warming, 13 which, in combination with exposure to a cold operating room and surgical exposure, can lead to mild to moderate hypothermia. Subsequently, temperature decreases much slower and eventually reaches a plateau. 13 Temperature curves in our study follow this pattern. After an initial step decline that could not be prevented by active warming, temperatures subsequently stabilized. The slower initial drop in temperature in obese rats is consistent with findings in humans and may be the result of an increased vasoconstriction threshold during anesthesia. 14 Deliberate hypothermia and organ protection has received significant attention. Application of hypothermia includes cerebral protection for out-of-hospital cardiac arrest and traumatic brain injury. 15, 16 Experimental animal models have demonstrated that mild hypothermia may improve sur-FIGURE 2. Liver enzymes AST, ALT after 24 hours' reperfusion. Creatine kinase (CK) was measured in addition. Normothermic obese rats experienced the highest AST levels after 24 hours' reperfusion (P Ͻ 0.01). Mild hypothermia reduced significantly AST levels in lean and obese rats when compared with controls (both P Ͻ 0.01). ALT levels were significantly higher in normothermic obese rats and significantly lower in hypothermic normal and obese rats (all P Ͻ 0.01).
FIGURE 1.
Temperature profile of lean and obese rats during normothermic and hypothermic surgery. Hypothermic lean rats experienced significantly lower temperatures at the onset of ischemia when compared with lean normothermic animals (P Ͻ 0.01). At the end of warm ischemia, lean and obese rats were significantly cooler than normothermic controls animals (P Ͻ 0.01).
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Hypothermia Protects Rat Livers vival in hemorrhagic shock. 17, 18 Several studies in the liver using either local or systematic hypothermia have shown it to be protective against hepatic injury. However, in these studies, hypothermia in rats/mice was clinically unacceptably low (below 30°C), or required an extensive experimental setup. 19 -22 In humans, several reports have demonstrated that localized cooling (eg, selective perfusion of the liver with cold solution) may decrease hepatic injury during warm ischemia. [23] [24] [25] In this study, we demonstrated in a well-established warm ischemia model that exposure to passive cooling due to anesthesia-induced vasodilatation confers significant protection against warm ischemia reperfusion injury, particularly in the obese rat. Seventy-five minutes of warm ischemia was chosen because it causes noticeable hepatic injury in lean rats. The degree of hepatocellular injury based on liver enzymes and histology was consistent between groups. Markers of hepatocellular injury (ALT and AST) were decreased more than 80% in the hypothermic obese and lean groups when compared with normothermic groups. Histologic evaluation confirmed severe hepatic injury in normothermic obese and lean rats, while hypothermic obese and lean rats only experienced mild to moderate hepatic damage. Histologic damage consistent with necrosis after 24 hours' reperfusion was greater than 75% in normothermic obese and lean rats, despite significant differences in liver enzymes. The mechanism of protection cannot be determined in this study. However, mild hypothermia has been shown to reduce oxidative stress, preserve ATP, and decrease inflammatory response. 19, 21, 22, 26, 27 The degree of apoptosis was only determined in the hypothermic groups due to the severe necrosis in the normothermic groups, which would have resulted in false-positive results. The degree of apoptotic changes as demarcated by TUNEL reaction cell death under hypothermic conditions appeared not to be different between obese and lean rats. The implications of these findings remain to be investigated. It has been recently postulated that steatotic livers primarily undergo necrotic cell death as opposed to apoptotic cell death in lean rats. 2 However, unlike for hepatic enzyme determination, which provides absolute numbers, histologic evaluation is subjective and observer dependent and thus reliable, and consistent statistical comparison is not possible with small surviving animal numbers.
Creatine kinase-BB has been shown to be a marker of cellular damage within the sinusoidal lining. 28 In this study, CK levels were significantly elevated in normothermic obese rats, while CK levels were similar in normothermic lean rats, as well as hypothermic obese and lean rats. Since we only measured total CK and not CK-BB, we cannot entirely rule out that our factors (eg, concomitant myocardial injury) may have contributed to the elevated CK levels. However, given the well-defined nature of the model, it is reasonable to assume that a significant portion of the CK elevation is FIGURE 4. After 24 hours of reperfusion, all 10 hypothermic obese rats were alive and in good condition. In the normothermic obese rat group, only 2 rats survived 24 hours of reperfusion Survival was significantly improved in hypothermic obese rats when compared with normothermic obese rats (P Ͻ 0.01).
FIGURE 3.
A, Representative histology from a normothermic lean rat. One viable focus in the right lower part of the slide shows intact, normal hepatocytes. The remaining field in the left is necrotic with shrinkage of hepatocytes and focal inflammatory reaction in the center. B, Representative histology from a hypothermic lean rat. Only minimal necrosis is seen, with most hepatocytes intact. C, Representative histology from a normothermic obese rat. Extensive panacinar necrosis is present. D, Representative histology from a hypothermic obese rat. Necrosis was present but less than seen in normothermic rats.
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Annals of Surgery • Volume 241, Number 3, March 2005 secondary due to direct injury to hepatic endothelial cells. The findings would be consistent with reports demonstrating increased susceptibility of endothelial cells with subsequent breakdown in microcirculation in livers with presumed steatotic changes. 29 Survival rate was not different between normothermic lean and hypothermic obese and lean rats. However, survival was significantly decreased in the normothermic obese group when compared with normothermic lean rats and hypothermic obese rats. However, we cannot comment on long-term survival in normothermic lean rats due to the study design. It is possible that animals would have succumbed if they were allowed to live beyond 24 hours, especially in view of the fact that at least half of them were in poor clinical condition at 24 hours.
The currently used obese Zucker rat model is frequently used to investigate the effect of ischemia reperfusion injury in steatotic livers. Obese rats in this study were age matched and weighed significantly more than their lean counterparts. Of note is that H&E histology of livers from obese rats demonstrated only minimal changes consistent with steatotic changes. Histology between obese and lean rats was quite similar at baseline. Yet outcome was significantly worse in the normothermic obese group when compared with normothermic lean rats. This may imply that cellular/mitochondrial dysfunction, which has been documented in steatotic livers, may be present in livers from obese rats without a histologic correlate. Unless significant steatotic changes are present on standard histology, it remains to be determined which test most accurately detects clinically significant steatotic changes. 30 Side effects of hypothermia are well demonstrated and need to be considered in the decision making. 10 Hypothermia is of particular concern in trauma patients undergoing massive resuscitation and critically ill patients in the ICU.
In these patients, as a result of hemodilution and hypothermia, both caused by massive resuscitation, coagulopathy is frequently encountered. In a controlled and elective operating setting, hypothermia is less of a concern, even with moderate blood loss. A recent study has demonstrated that mild hypothermia does not affect hemostasis in anesthetized patients without surgical trauma. 31 This study is supported by a study that did not see differences in blood loss during elective spine surgery between normothermic and mildly hypothermic patients. 32 In addition, mild hypothermia is routinely used for spinal cord protection during thoracoabdominal aneurysm repair, 33, 34 cases which may encounter massive blood loss. Improved intraoperative management and surgical techniques have led to a continuous decline of blood loss during hepatic surgery. In the majority of liver resections, blood loss is less than 1 to 2 L. 35, 36 Severe coagulopathy in the absence of massive blood loss and very extensive hepatic resection is unlikely to occur.
Similarly, clinically relevant intraoperative cardiac arrhythmias solely due to hypothermia are extremely rare, and mild hypothermia as in this study is often routinely used in the operating room for cerebral protection during neurosurgical procedures. 11, 12 Increased wound infections have been associated with mild hypothermia in some studies 37, 38 but not in others. 39 While wound infection poses a significant problem postoperatively, it is usually of multifactorial origin. In carefully selected patients, and under specific clinical conditions, mild hypothermia may provide substantial benefits which outweigh complications associated with it.
In conclusion, we have demonstrated in a clinically relevant model that mild hypothermia significantly reduces hepatic injury in a warm ischemia model in both lean and obese rats and significantly improved 24-hour survival in obese rats. The study also demonstrates the importance of accurate temperature control in experimental studies and its potential confounding effect on obtained results.
It remains to be investigated whether the manipulation of the temperature profile (eg, active rewarming at the end of surgery or an even milder degree of hypothermia) can influence injury pattern and survival.
